Adoptive immunotherapies using T cells genetically redirected with a chimeric antigen receptor (CAR) or T cell receptor (TCR) are entering mainstream clinical practice. Despite encouraging results, some patients do not respond to current therapies. In part, this phenomenon has been associated with infusion of reduced numbers of early memory T cells. Herein, we report that AKT signaling inhibition is compatible with CAR and TCR retroviral transduction of human T cells while promoting a CD62L-expressing central memory phenotype. Critically, this intervention did not compromise cell yield. Mechanistically, disruption of AKT signaling preserved MAPK activation and promoted the intranuclear localization of FOXO1, a transcriptional regulator of T cell memory. Consequently, AKT signaling inhibition synchronized the transcriptional profile for FOXO1-dependent target genes across multiple donors. Expression of an AKT-resistant FOXO1 mutant phenocopied the influence of AKT signaling inhibition, while addition of AKT signaling inhibition to T cells expressing mutant FOXO1 failed to further augment the frequency of CD62L-expressing cells. Finally, treatment of established B cell acute lymphoblastic leukemia was superior using anti-CD19 CAR-modified T cells transduced and expanded in the presence of an AKT inhibitor compared with conventionally grown T cells. Thus, inhibition of signaling along the PI3K/AKT axis represents a generalizable strategy to generate large numbers of receptor-modified T cells with an early memory phenotype and superior antitumor efficacy.
Introduction
Adoptive immunotherapy using genetically redirected T cells expressing a chimeric antigen receptor (CAR) or T cell receptor (TCR) is poised to enter mainstream clinical practice (1) (2) (3) (4) . Despite promising results, some patients fail to achieve durable responses using current cell therapies. Multiple factors likely contribute to differences in patient outcomes following adoptive cell transfer (ACT). These include the magnitude of immunosuppression within the tumor microenvironment, tumor intrinsic properties related to antigen or coinhibitory ligand expression, and attributes of the adoptively transferred T cells themselves (5, 6) . Among these, variables related to the qualities, functions, and numbers of adoptively transferred T cells are the most amenable to therapeutic manipulation.
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several clinical trials testing tumor infiltrating lymphocytes (TIL) (8) (9) (10) and receptor-engineered T cells (11) . Similarly, infusion of less-differentiated T cell subsets that coexpress lymphoid homing markers like CD62L or costimulatory markers such as CD27 are associated with greater tumor regression (12) (13) (14) . For example, in a recent clinical trial testing the antitumor efficacy of a second-generation anti-CD19 CAR containing a CD28 costimulatory domain, we found that the frequency of CD62L-expressing T central memory (T CM ) cells in the infusion product significantly correlated with the magnitude of CAR + cells in the peripheral blood (15) . This value, in turn, directly correlated with the likelihood that a patient would go on to have an objective antitumor response. Thus, the generation of T CM -phenotype cells remains a major goal of current efforts to improve T cell therapies (16) .
Physiologically, the processes of T cell clonal expansion and cellular differentiation are tightly coupled to one another; as a T cell population increases in size, a greater proportion of cells become terminally differentiated (17, 18) . Thus, relatively differentiated T cell products are generated using many current clinical manufacturing methods for genetically engineered T cells because these methods focus primarily on the generation of large numbers of antitumor cells (19, 20) . This is especially true in heavily pretreated patients who have starting apheresis populations containing a paucity of naive/ early memory T cells (21) (22) (23) .
The coupling of T cell expansion and differentiation results from the integration of signals arising from multiple sources, including the TCR, costimulatory molecules, and cytokine receptors (24) . Together, these signals converge to activate 2 major signal transduction networks within T cells: the MAPK and PI3K/AKT/mTOR pathways. Genetic and pharmacologic disruption of ERK, a distal component of the MAPK pathway, significantly impairs the proliferation of T cells in both mice (25) and humans (26) . By contrast, deletion of Pi3cd (the gene encoding the p110δ catalytic subunit of PI3K enriched in T cells) or inhibition of AKT does not compromise the proliferation or survival of murine CD8 + T cells (27) . Consistent with this finding, we recently demonstrated that pharmacologic inhibition of AKT permits the robust expansion of allogenic in vitro-sensitized minor histocompatibility-specific T cells (28) and melanoma TIL cells (29) with desirable phenotypic and functional attributes. Because genetic engineering using retroviruses requires T cells to be actively cycling for efficient integration to occur (30), we hypothesized that inhibition of AKT would permit the transduction and expansion of minimally differentiated human T cells.
Here, using clinical-grade retroviruses for both a CAR and TCR in late-stage clinical development, we show that AKT inhibition using an allosteric kinase inhibitor (AKT Inhibitor VIII; AKTi) (31) is compatible with the activation, expansion, and efficient receptor engineering of human T cells. Mechanistically, the ability of AKTi to allow T cell expansion and transduction while preserving a minimally differentiated CD62L-expressing population was associated with conserved MAPK signaling, the intranuclear accumulation of FOXO1, and the expression of FOXO1-dependent target genes. Even when starting with an unfractionated population of T cell subsets, AKTi generated receptor-engineered T cells with desirable genetic and metabolic properties and enhanced in vivo antitumor efficacy relative to conventionally produced T cells. Thus, inhibition of AKT signaling represents a generalizable strategy to generate large numbers of receptor-modified T cells with an early memory phenotype, a finding that is now influencing current ACT clinical trials.
Results

AKT inhibition permits expansion of CD62L-expressing receptor-engineered human T cells.
We sought to determine whether pharmacologic inhibition of AKT is compatible with the activation, expansion, and efficient receptor engineering of human T cells. Therefore, we performed T cell stimulation and retroviral transduction of a second-generation anti-CD19 CAR (32) in the continuous presence of 1 μM of AKTi or a vehicle (Veh) control. To emulate the source of T cells used in the majority of current CD19 CAR clinical trials (15, (33) (34) (35) (36) (37) (38) (39) , we used an unfractionated population of peripheral blood mononuclear cells (PBMC). Both the methods and reagents employed in these experiments were identical to those used for the clinical manufacturing of anti-CD19 CAR-modified T cells (15, 40, 41) (Figure 1A) .
We first confirmed the activity and specificity of the AKTi in peripheral blood T cells by measuring the phosphorylation state of AKT and ribosomal S6 protein (S6), a downstream mediator of AKT/ mTOR signaling, at rest and serially following T cell activation (Figure 1 , B and C). Within 5 minutes of anti-CD3 exposure, we observed maximal phosphorylation of both the activating AKT T308 and AKT
S473
residues and a corresponding increase in phospho-S6 in Veh-treated cells. Additionally, we also observed a dramatic increase in phospho-ERK1/2, a distal component of the MAPK pathway required for T cell proliferation and survival (25, 42) . In the presence of AKTi, phosphorylation of both AKT T308 and AKT
were significantly suppressed to levels comparable with that of unstimulated T cells. Phospho-S6 was partially but not completely attenuated, a finding reflecting the multiple kinases that may activate the mTOR/S6 pathway independently of AKT (43) . By contrast, induction of phospho-ERK1/2 was entirely unperturbed in AKTi-treated T cells.
In keeping with the preservation of ERK signaling, we measured no differences in either the growth rate kinetics or overall expansion of anti-CD19 CAR-modified cells grown in the presence of AKTi compared with Veh control (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.95103DS1 and Figure 1D ). Because γ-retroviruses require active cell division for efficient gene integration (30), we next tested whether AKTi impacted the transduction efficiency of peripheral blood T cells. Critically, we found that AKTi did not significantly alter the ability to introduce the anti-CD19 CAR into either CD4 + or CD8 + T cells ( Figure 1E ). Consistent with comparable transduction efficiencies, we also found that AKTi exposure during anti-CD19 CAR manufacturing did not impair antigen-specific effector functions once the drug was removed from the culture media. For example, the magnitude of IFNγ release following coculture with CD19 + tumor cells (Supplemental Figure 2) , as well as cytolytic capacity (Supplemental Figure 3) , was similar with both AKTi-and Veh-expanded T cells. By contrast, unstimulated CAR T cells or T cells cocultured with CD19
-tumor cells produced minimal to no IFNγ and did not mediate tumor lysis, regardless of initial culture conditions. Activated T cells lose expression of CD62L, a lymphoid homing molecule and key marker of highly potent T cell subsets for adoptive immunotherapy (5, 15, 44) , in an AKT1/2-dependent manner (45) . We therefore evaluated whether inhibition of AKT could preserve expression of CD62L on CAR-engineered T cells. We found that AKTi significantly preserved CD62L expression on CAR-modified T cells compared with cells expanded in Veh control (Figure 1 , F and G). Some CAR constructs containing a CD28 costimulatory domain have recently been shown to exhibit persistent AKT signaling in the absence of cognate antigen through autosignaling (46, 47) . We therefore also tested whether AKTi could benefit gene engineering with a TCR, an antigen receptor not known to autosignal. We found that AKTi maintained CD62L expression without compromising transduction efficiency or T cell expansion using a TCR specific for the cancer-germline antigen NY-ESO-1 (48-50) (Supplemental Figure 4) .
Finally, we tested whether AKTi was compatible with the use of anti-CD3/CD28 microbead stimulation of isolated memory T cell subsets, a manufacturing practice done by some academic and commercial cell therapy groups (51) . Similar to results using an unfractionated PBMC population activated with OKT3, we found that AKTi did not interfere with microbead-driven T cell expansion but, nonetheless, could significantly preserve CD62L expression on isolated T CM cells (Supplemental Figure 5) . By contrast, expansion of effector memory T cells (T EM ) in AKTi failed to increase the frequency of T CM cells, an expected finding given the lineage relationship between these subsets (52) . Taken together, we conclude that pharmacologic disruption of AKT signaling permits the activation, expansion, and efficient retroviral transduction of human peripheral blood T cells with either a CAR or TCR, while simultaneously promoting the expression of CD62L.
AKT signaling blockade limits T cell differentiation and promotes intranuclear FOXO1. We next sought to obtain a more global assessment of the influence of AKTi on the resulting population of modified T cells. We therefore performed a transcriptomic analysis of unfractionated peripheral blood T cells from 3 separate donors at rest and following 10 days of expansion and retroviral transduction with an anti-CD19 CAR in the presence of AKTi or Veh control. Despite the heterogenous distribution of T cell subsets present in the starting populations (data not shown), unsupervised hierarchical clustering revealed the dominant influence of AKTi exposure on the resulting pattern of gene expression. Inhibitor-treated cells clustered together in all donors following activation, expansion, and genetic modification ( Figure 2A ). In total, we identified 4,960 and 4,732 significantly up-and downregulated transcripts, respectively, in CAR-modified T cells expanded in AKTi compared with Veh control (P < 0.01, FDR < 5%; Supplemental Table 1 and 2). This indicated that the influence of the drug had a balanced effect on repressing and activating gene expression in peripheral blood T cells. Results shown in panels D-G are based on patient-derived samples, while results in panels B and C used healthy donor (HD) T cells. Data in panels C-E and G are presented as mean ± SEM with n = 3, n = 6, n = 6, and n = 3 per condition, respectively. All statistical comparisons were performed using an unpaired 2-tailed Student's t test. ***P < 0.001; **P < 0.01; *P < 0.05.
Examination of specific transcripts revealed that SELL, the gene encoding CD62L, was among the top 2% most enriched genes following AKTi exposure in all donors ( Figure 2B ). This finding was consistent with protein expression data we measured for CD62L using FACS analysis ( Figure 1F and Supplemental Figure 4D ). We further found that other established targets of AKT signaling associated with T cell trafficking and persistence, including IL7R (27, 53, 54) , KLF2 (27) , and S1PR1 (27) , were systematically overexpressed in AKTi-expanded T cells. Expression of multiple costimulatory members of the TNF receptor superfamily linked to enhanced CAR T cell function, such as CD28 and ICOS (46) , were also differentially retained by AKTi-treated cells. Conversely, we found that genes associated with acquisition of T cell effector functions, including the cytotoxic proteases GZMA, GZMB, GZMH, and GZMM and the death/differentiation-inducing ligand FASLG (21, 55, 56) , were suppressed by AKT inhibition. Moreover, genes involved in apoptosis induction, such as BAD, BAX, and TRAIL, were also downregulated. Functionally, reduction in this latter group of genes was associated with a reduced propensity of inhibitor-treated T cells to undergo apoptosis following expansion compared with cells grown in control media (Supplemental Figure 6 ). Thus, we found that AKT signaling blockade had a broad influence on the expression of multiple genes associated with T cell differentiation and survival.
Patients with previously treated B cell malignancies have significant skewing of their T cell compartment toward highly differentiated subsets with compromised therapeutic potential (21-23), a finding likely reflecting the influence of prior lymphodepleting chemotherapy. This situation can be further exacerbated by conventional ex vivo cell manufacturing processes (19, 20, 57, 58) . We therefore next asked whether AKTi preserves key markers of cellular differentiation and effector function relative to an unstimulated starting population of T cells. We compared the magnitude of expression for IL7R, KLF2, CD28, and GZMB in T cells from the same donor following collection from the peripheral blood and after expansion and genetic engineering in AKTi or Veh control. As expected (59), we found that T cell activation under standard conditions resulted in the acquisition of the effector molecule GZMB and a significant loss of the naive T cell/memory T cell-associated markers IL7R, KLF2, and CD28 ( Figure 2C and Supplemental Figure 7 ). By contrast, expansion in AKTi prevented the acquisition of GZMB, while minimizing the loss of IL7R and preserving the expression of KLF2 and CD28 to levels comparable with unstimulated T cells.
We noted that several of the differentially expressed genes under AKTi treatment, including IL7R, KLF2, S1PR1, and S1PR2, are directly regulated by the transcription factor FOXO1 (60). In mice, FOXO1 has recently been identified as a key transcriptional regulator required for CD8 + T cell memory formation and persistence (61) (62) (63) . Across species, FOXO1 transcriptional activity is controlled through posttranslational modifications, most notably phosphorylation of a series of 3 conserved serine and threonine residues (64) . In human cancer cell lines, AKT is capable of phosphorylating FOXO1 at these sites, causing cytosolic sequestration and preventing DNA binding (65) . To test whether AKT inhibition results in the nuclear accumulation of FOXO1 in activated human T cells, we performed confocal immunofluorescence imaging of this protein in T cells stimulated for 4 days in the presence of titrated concentrations of AKTi or a Veh control. Using costaining of Hoechst and phalloidin to respectively define the boundaries of the nucleus and cytoplasm, we found that exposure to AKTi resulted in a significant, dose-dependent intranuclear localization of this transcription factor (Figure 2, D and E) . The differential subcellular localization of FOXO1 in activated T cells expanded in the presence or absence of AKTi was further confirmed by Western blot analysis of protein fractions isolated from the nucleus versus the cytoplasm (Supplemental Figure  8) . The accumulation of FOXO1 was not attributable to differences in FOXO1 gene expression, as similar quantities were produced by AKTi-and Veh-treated T cells ( Figure 2F ). Collectively, these data indicated that AKTi caused a consistent and pervasive change in gene expression in CD19 CAR-engineered T cells, resulting in a population with desirable phenotypic, functional, and cell-survival attributes. These alterations were, in turn, associated with the nuclear localization of FOXO1, a key transcription factor associated with T cell memory formation.
Constitutively active FOXO1 augments CD62L expression independently of AKTi. Given the association between AKTi exposure and the subcellular localization of FOXO1, we next sought to understand whether active FOXO1 was sufficient to maintain CD62L expression on gene-engineered T cells. The similar levels of FOXO1 gene expression measured in AKTi-and Veh-treated cells suggested that a posttranslational mechanism might control FOXO1 activity in human T cells. We therefore created a mutant variant of FOXO1 (hereafter termed FOXO1 AAA ) in which target sites of AKT phosphorylation -including the T24, S256, and S319 residues -were each substituted for a phosphorylation-resistant Figure 3A) . This approach was shown previously to enforce nuclear accumulation of the protein (66, 67) . To permit the tracking of T cells modified with FOXO1
AAA , we cloned the mutant gene into a retroviral vector containing a Thy1.1 reporter sequence ( Figure 3B ). We then compared by FACS the expression of CD62L and other T cell surface markers associated with T cell memory or exhaustion in Thy1.1 + transduced cells grown with or without AKTi. An aliquot of T cells from the same donor contemporaneously transduced with an empty vector containing only Thy1.1 were used as negative controls. In repeated experiments, we found that the Thy1.1 + population of T cells transduced with FOXO1
AAA differentially expressed CD62L compared with the Thy1.1 -population (Supplemental Figure 9 ). This indicated both that the AKT-resistant FOXO1
AAA variant was sufficient to induce CD62L expression on engineered T cells and that its influence occurred in a cell-intrinsic manner. We next tested whether constitutively active FOXO1 was sufficient to maintain CD62L expression on T cells independent of AKT activity. In the same experiment, we compared the expression of CD62L on Thy1. Figure 3D ). These findings were not restricted solely to CD62L, as expression of CD28, another memory-associated marker, followed a similar pattern. Conversely, either AKTi alone or T cells transduced with FOXO1
AAA in control media resulted in a comparable downregulation of the coinhibitory marker TIM3 relative to Veh-expanded cells. Taken together, these data indicated that the ability of AKTi to generate a population of human CD62L + T CM -like cells occurs through a FOXO1-dependent mechanism.
AKTi limits glycolytic metabolism in human T cells transduced with an anti-CD19 CAR. Recently, several groups have reported that the metabolic fitness of anti-CD19 CAR-engineered T cells correlates with antitumor efficacy (58, 68, 69) . Because AKT plays a key role in modulating nutrient uptake and cellular metabolism across a range of cell types (70), we next asked whether AKTi alters the metabolic profile of anti-CD19 CAR-modified cells. First, we performed a liquid chromatography-tandem mass spectrometry-based (LC-MS/MS-based) metabolomic analysis to obtain a global snapshot of the relative intracellular concentrations of metabolites in anti-CD19 CAR-modified cells expanded in AKTi or Veh control. In total, we detected 308 distinct metabolites using this assay. Consistent with the well-characterized function of AKT in metabolic regulation, principal component analysis (PCA) revealed that the metabolite profiles of T cells clustered based on whether they were expanded in the presence or absence of AKTi ( Figure 4A ). This finding suggested that AKT inhibition resulted in a systematic perturbation of human T cell metabolism, regardless of the original patient source. Examination of specific intracellular metabolites detected in AKTi-versus Veh-treated cells demonstrated that lactate, the acidic end product of aerobic glycolysis, was among the most significantly downregulated metabolites in the presence of AKTi (average fold change [FC] = 0.62, P < 1 × 10 -7 ) ( Figure  4B and Supplemental Table 3 ). Consistent with this finding, we noted that AKT inhibition systematically suppressed color changes associated with acidification in phenol red-containing culture media (Supplemental Figure 10 ). These observations prompted us to next ask whether AKTi might suppress aerobic glycolysis in human T cells.
To functionally test whether AKT inhibition altered glycolysis in human peripheral blood lymphocytes, we performed 2 complementary assays. First, we measured the accumulation of 2-(N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl]amino)-2-deoxyglucose (2-NBDG) in T cells activated and expanded in the presence or absence of AKTi; 2-NBDG is a fluorescent glucose analog that permits the quantification of glucose incorporation into living cells (71), including human T cells (72) . We found that AKTi significantly reduced 2-NBDG fluorescence intensity ( Figure 4C ), suggesting that AKT inhibition limited the uptake levels for FOXO1 in AKTi-versus Veh-treated cells from n =3 independently evaluated donors. Dashed horizontal line indicates an expression ratio of 1. Data shown in panels A-C and F are from patient-derived T cells, and panels D and E are from healthy donors (HDs). Statistical comparisons in panels C and E were performed using an unpaired 2-tailed Student's t test corrected for multiple comparisons by a Bonferroni adjustment. ***P < 0.001; **P < 0.01; *P < 0.0167. AAA -T2A-Thy1.1 or Empty-Thy1.1. Each bar graph represents the mean ± SEM of independent replicates from n = 8 independently performed experiments using healthy donor (HD) T cells. Statistical comparisons performed using an unpaired 2-tailed Student's t test corrected for multiple comparisons by a Bonferroni adjustment. ***P < 0.001; **P < 0.01; *P < 0.0167. of glucose into activated T cells. Next, we recorded the extracellular acidification rate (ECAR) of T cells that had been grown with or without AKTi. ECAR measures the extrusion of hydrogen ions by T cells into media as a function of time and, therefore, can be used as an indirect measure of glycolytic flux and lactate production by lymphocytes. Consistent with results from our metabolomic assay demonstrating reduced lactate within AKTi-treated cells, we found that AKT inhibition significantly reduced ECAR across 4 independently evaluated donors ( Figure 4D ).
AKT can regulate glycolysis both directly through posttranslational modification and indirectly through regulation of gene expression. For example, AKT activity can promote the trafficking and surface expression of GLUT1, the primary glucose transporter in T cells (73) . Further, AKT can also enhance the activity of glycolytic enzymes, such as hexokinase II (74) . To test whether AKTi might also suppress glycolysis indirectly through changes in gene expression, we measured the transcript levels for all 10 enzymes involved in glycolysis in anti-CD19 CAR-modified T cells expanded for 10 days in AKTi or Veh control. We found that inhibition of AKT systematically suppressed most genes encoding glycolytic enzymes ( Figure 4E ). Additionally, we also found that genes involved in lactate metabolism A, B , and E are from patient-derived T cells, and panels C and D are from healthy donors (HDs). Statistical comparisons in panels C and D were performed using an unpaired 2-tailed Student's t test. ***P < 0.001; *P < 0.05. and export -including LDHA, the gene encoding lactate dehydrogenase A, and the lactate transporter SLC16A3 (also known as MCT4) -were suppressed in AKTi-versus Veh-treated cells ( Figure 4E ). By contrast, expression of CPT1A, a key enzyme involved in fatty acid oxidation in T cells, was not significantly altered by AKTi (Supplemental Figure 11) . We therefore conclude that AKTi represses glycolysis in human anti-CD19 CAR-engineered T cells both functionally and through perturbations in the gene expression of key metabolic enzymes.
Anti-CD19 CAR-engineered T cells expanded in AKTi treat leukemia superiorly.
The phenotypic, metabolic, and gene expression profiles we measured in anti-CD19 CAR-engineered T cells expanded with AKTi were all consistent with T cells predicted to have superior antitumor capacities. Therefore, we next asked whether adoptive transfer of anti-CD19 CAR-engineered human T cells grown with AKTi would result in superior in vivo antitumor efficacy. We generated anti-CD19 CAR-modified T cells in the presence of AKTi or Veh control using T cells derived from the PBMC of 3 independently evaluated donors using the clinical cell manufacturing protocol described in Figure 1A . Immunodeficient NOD scid γ (NSG) mice with established and widely disseminated NALM6 acute lymphoblastic leukemias (ALL) expressing a luciferase reporter gene were treated with 1 × 10 6 CAR-modified T cells from a single donor or were left untreated as controls. We did not administer exogenous IL-2 to support the CAR-modified T cells after infusion to emulate the conduct of current clinical trials. Consistent with the clinical efficacy of anti-CD19 CAR-modified T cells for patients with ALL observed across clinical trials (34-36, 51), we found that T cells expanded under conventional conditions caused a substantial delay in tumor growth compared with animals that did not receive cell transfer ( Figure 5A) . Across all 3 donors tested, however, the activation, retroviral transduction, and expansion of anti-CD19 CARengineered T cells in the presence of AKTi resulted in a significant improvement in animal survival compared with animals receiving Veh-expanded T cells (P < 0.0001; Figure 5B ). We did not measure a statistically significant enhancement of the persistence of CAR-modified human T cells expanded under AKTi at a late (day 30) time point following infusion (Supplemental Figure 12) . This finding might be attributable to the reduced half-life associated with CARs containing a CD28 costimulatory domain relative to other costimulatory domains, such as 4-1BB (15, 35, 36, 40) . Alternatively, given the variability in T cell engraftment observed between recipient mice, this study might have been underpowered to detect potentially small differences in persistence. Taken together, we conclude that anti-CD19 CAR-modified T cells expanded in the presence of AKTi treat established ALL superiorly compared with conventionally grown T cells. 
Discussion
Herein, we demonstrated that the eminently translatable strategy of adding a pharmacologic inhibitor specific for AKT-1/2 to a conventional T cell manufacturing process permitted efficient genetic engineering using both CARs and TCRs. Critically, this maneuver successfully uncoupled the processes of T cell expansion from phenotypic, functional, and metabolic maturation, resulting in a population of receptor-engineered T cells with enhanced in vivo antitumor efficacy. Mechanistically, the ability of AKTi to allow T cell expansion and transduction while preserving a minimally differentiated CD62L-expressing population was associated with conserved MAPK signaling and the intranuclear accumulation of FOXO1.
Genetic deletion of ERK2, a distal component of the MAPK pathway, was previously shown to impair CD8 + T cell proliferation and survival in mice (25) . This finding mirrored the impaired in vitro proliferation of human T cells exposed to specific MAPK/extracellular signal-regulated kinase (MEK) inhibitors (26) . Thus, preservation of MAPK signaling likely contributed to the preserved yield, enhanced cell viability, and uncompromised retroviral transduction efficiencies of human T cells we observed using AKTi. Despite the absence of a significant difference in cell expansion, we found that disruption of AKT signaling generates T cells with desirable phenotypic and functional attributes.
Our transcriptomic analyses of T cells transduced with an anti-CD19 CAR revealed that AKTi caused upregulation of genes associated with minimally differentiated T cells, including SELL. We noted that many of these genes were direct targets of FOXO1, a key transcriptional regulator of T cell memory formation (61) whose activity is negatively modulated by AKT. Using immunofluorescence microscopy, we discovered that AKTi caused a dose-dependent intranuclear localization of FOXO1. Because FOXO1 gene expression was unaltered by AKTi treatment, we hypothesized that a posttranslational mechanism might account for the subcellular accumulation of this protein. Expression of an AKT-resistant mutant of FOXO1 (FOXO1 AAA ) lacking the serine/threonine residues targeted by AKT directly phenocopied the influence of AKTi on CD62L, CD28, and TIM3 expression. Moreover, addition of AKTi to T cells expressing FOXO1 AAA failed to further augment the frequency of T CM phenotype cells. Together, these findings indicate that preservation of FOXO1 activity was a major contributor of the AKT inhibitor effect. However, it is likely that AKTi also regulates transcriptional regulators other than FOXO1 in T cells. For example, the transcriptional repressor BACH2 was recently shown to also be a target of AKT phosphorylation and subsequent nuclear exclusion (75) . Future studies will address whether BACH2 and FOXO3, the second most common FOXO family member expressed in lymphocytes (76) , impact human T cell differentiation in an AKT-dependent manner.
Recent studies have established a causal link between cellular metabolism, T cell memory formation, and antitumor efficacy following ACT (68, 71, 77) . We found that AKTi suppressed the accumulation of lactate and attenuated the rate of extracellular acidification by human T cells, findings consistent with reduced aerobic glycolysis. The acquisition of a glycolytic metabolism during ex vivo cell expansion was previously shown to enhance T cell differentiation resulting in impaired in vivo antitumor efficacy. Although AKT plays a canonical role in regulating glucose metabolism across diverse cell types (70), a recent study in mice suggested that AKT is largely dispensable for short-term metabolic changes in T cells (27) . However, 2 contemporaneous reports studying gain and loss of function of the PI3K/AKT pathway in human T cells came to a similar conclusion as ours (72, 78) .
Gubser et al. demonstrated that pharmacologic inhibition of AKT isoforms 1/2 impaired an early glycolytic switch following human T cell activation (78). Lucas et al. showed that T cells from patients with gain-of-function mutations involving the PI3K p110δ catalytic subunit had sustained AKT activation and enhanced glucose uptake, and they underwent spontaneous terminal differentiation (72) . It is therefore possible that there are species-specific differences in the regulation of T cell glucose metabolism. Alternatively, sustained AKT signaling might regulate glucose metabolism through an indirect mechanism. For example, we found that gene-engineered T cells expanded for 10 days in AKTi had reduced expression of most of the glycolytic enzymes.
The adoptive transfer of T cells of defined composition offers the potential to have more consistent dose-response relationships between the number of T cells infused, antitumor efficacy, and potential toxicities (79) . We and others have used T cell isolation techniques, such as streptamers (58, 80) or magnet bead isolation (51, 81) , to create T cell populations with more uniform and desirable phenotypic and functional characteristics (5) . In the present study, we used a bulk, unfractionated population of PBMCs to initiate our cultures, an approach used in most current T cell therapy trials. Despite interdonor variability in the distribution of T cell subsets, we found that cell expansion in AKTi gave rise to T cell populations with closely aligned gene expression and metabolic profiles. Thus, use of an AKT inhibitor offers a complementary strategy to physical cell isolation strategies to generate T cells with defined functional attributes across donors. We additionally demonstrated that AKTi is compatible with the isolation and anti-CD3/CD28 bead stimulation of T CM sorted cells. Thus, use of AKTi is compatible with the culture conditions currently used to generate therapeutic T cells in a wide range of academic centers and commercial groups.
We did not directly compare the in vivo antitumor activity of T cells retrovirally transduced with the FOXO1 AAA construct relative to AKTi-treated cells. However, a recent study in mice by Luo et al. revealed that T cells expressing a murine version of FOXO1 AAA analogous to the human FOXO1 AAA used in our study led to an accumulation of CD62L + T cells in lymphoid organs and a corresponding reduction in TILs (82) . These data suggest that dynamic control of FOXO1 activity in T cells is essential for permitting trafficking to peripheral tissues. It would therefore be important in future studies to compare the in vivo trafficking and antitumor activity of T cells grown in AKTi versus T cells engineered with either a constitutive or conditionally active version of FOXO1 AAA . Our current findings build upon and significantly extend earlier studies demonstrating the utility of AKT inhibition in improving T cell therapies across a range of indications. For example, the efficiency of in vitro sensitization of allogenic minor histocompatibility-specific T cells (28) and the ex vivo expansion of melanoma TILs (29) were both improved following exposure to AKTi. More recently and consistent with our findings, Urak et al. reported that blockade of AKT activation prevented the terminal differentiation of CAR-modified T cells expanded to therapeutic doses (83) .
In summary, we found that AKT inhibition permits efficient TCR and CAR genetic engineering and allows for the expansion of highly potent CD62L
+ T CM cells in a FOXO1-dependent manner. Despite starting with a bulk population, AKTi generates receptor-engineered T cells with defined genetic and metabolic properties and enhanced in vivo antitumor efficacy relative to conventionally produced T cells. These results are already influencing human T cell therapy clinical trial design. Based on our findings, the first human gene therapy clinical trial to incorporate AKTi in the T cell manufacturing process is now open to enrollment; this study has been registered at ClinicalTrials.gov (NCT03139370).
Methods
Culture media. Tumor cell lines were maintained in R10 medium, which consisted of RPMI 1640 medium (Lonza) supplemented with 10% FBS (Hyclone), penicillin/streptomycin (100 U ml -1 /100 μG ml -1 ; Lonza), and 2 mM GlutaMAX (Invitrogen). T cells were maintained in T cell media, which consisted of AIMV (Invitrogen) supplemented with 5% human serum (Valley Biomedical), penicillin/streptomycin, nonessential amino acids (Gibco), GlutaMAX (Thermo Fisher Scientific), 0.055 mM 2-mercaptoethanol (Gibco), and 50 CU ml Cell lines. The following CD19 + cell lines were used as positive controls: NALM6 (DSMZ), NALM6-GL (a previously described NALM6 line stably transduced with firefly luciferase) (58) , and Toledo (ATCC). K562-CD19 (32) and 143B-CD19 (47) (a gift from C.L. Mackall, Stanford University, Stanford, California, USA) are both CD19 -tumor cell lines stably transduced with CD19. The following CD19 -cell lines were used as negative controls: K562 (ATCC) and CEM (ATCC).
Isolation, expansion, and retroviral transduction of human T cells with a clinical-grade CAR or TCR.
Generation of anti-CD19 CAR-transduced human T cells was accomplished using a previously described manufacturing process identical to that currently used for prior and current human clinical trials (40) . Briefly, unfractionated PBMC were obtained either by leukapheresis or venipuncture from healthy donors (HDs) or patients and prepared over Ficoll-Hypaque gradient (ICN Biomedicals Inc.). Cells were resuspended in IL-2 containing media (300 IU ml -1 ), and T cell proliferation was initiated using 50 ng ml -1 of anti-CD3 antibody (OKT3; OrthoBiotech). Alternatively, FACS-sorted T cell subsets were stimulated with anti-CD3/CD28 activator beads (Invitrogen) at 1:3 T cell/bead ratio. RetroNectin (Takara Bio Inc.) was applied to nontissue culture-coated 6-well plates using an established protocol (84) , followed by addition of a previously described MSCV-based splice-gagvector (MSGV) retrovirus encoding either the FMC63-28z CAR (32) or a HLA-A*02 restricted NY-ESO-1 TCR (48) . Two days after T cell stimulation, 2 ×10 6 stimulated PBMC/well were added to retrovirus-coated plates and subsequently cultured overnight at 37 o C. The next day, the cells were returned to culture in T cell media. Countbright beads were spiked-in for the flow cytometric quantification of relative and absolute cell numbers (Invitrogen).
Antigen-specific functional assays. Specific IFNγ release by anti-CD19 CAR-modified T cells was measured by ELISA assay (Pierce) from supernatants following overnight coculture at a 1:1 ratio with indicated CD19 + and CD19 -target cell lines in IL-2-free/AKTi-free culture media. Intracellular cytokine staining (ICS) and tumor cell cytolysis was measured after a 6-hour coculture in a 1:2 ratio of anti-CD19 CAR-modified T cells to indicated tumor cell lines. Tumor cell cytotoxicity by receptor-engineered T cells and calculation of the tumor-elimination index was performed as described elsewhere (50) . ICS was performed in the presence of 1 μl of Golgi Plug (BD Pharmingen). Cells were subsequently washed, stained for viability and cell surface markers, permeabilized according to the manufacturer's instructions using a Cytofix/Cytoperm kit (BD Biosciences), and stained using fluorochrome conjugated antibodies against IFNγ (clone RPA-T8; BioLegend) and IL-2 (clone MQ1-17H12; BD Biosciences). Evaluation of cytolysis by receptor-engineered T cells was performed as previously described (50) Antibodies and flow cytometry. Cells were stained with fluorochrome-conjugated antibodies against combinations of the following surface antigens: CD3 (SK7), CD4 (RPA-T4), CD8 (SK1), and CD62L (DREG-56) (all from BD Biosciences); CD28 (CD28.2, eBioscience); LAG-3 (17B4, Enzo); PD1 (MIH-4, Invitrogen); and TIM-3 (344823, R&D Systems). Fluorochrome conjugates against phoshpo-S6 S235/236 (D57.2.2E), phospho-Akt T308 (C31E5E), and phospho-Akt S473 (D9E) were obtained from Cell Signaling Technologies. Detection of the mouse anti-human CD19 scFv as a measure of transduction efficiency was detected as previously described (32) . Briefly, Fc receptors were blocked with polyclonal goat IgG (Invitrogen), followed by incubation at 4 o C for 25 minutes with biotin-labeled goat anti-mouse F(ab)2 antibody (Jackson ImmunoResearch). Cells were then blocked with polyclonal mouse IgG (Invitrogen) and then stained with PE-labeled streptavidin (BD Biosciences). Flow cytometric data was acquired using a either a BD FACSCanto II or LSRFortessa cytometer (BD Biosciences). FACS-sorting was performed on a FACSAria (BD Biosciences). FACS data was analyzed with FlowJo Version 9.8.5 software (TreeStar Inc.).
Metabolic profiling. ECAR was measured at 37°C using a Seahorse XFe96 Analyzer (Seahorse Bioscience) in XF media (nonbuffered RPMI 1640 containing 25 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate) under basal conditions as previously described (71) . For FACS-based glucose uptake assays, T cells were incubated with 100 μM 2-NBDG (Invitrogen) for 2 hours before measuring by FACS, also as previously described (71) . T cells exposed to AKTi were maintained continuously in the presence of the inhibitor, including during incubation with 2-NBDG and during FACS analysis. Quantification of individual metabolites was accomplished using a combination of GC/MS and LC/ MS/MS platforms on CAR-modified T cells from 3 independent donors (Metabolon).
Microarray analysis. Gene expression levels were determined using Human Gene 1.0 ST arrays (Affymetrix) according to the manufacturer's protocols. Total RNA (300 ng) was used as starting material for cRNA amplification using the WT Expression kit (Invitrogen) according the manufacturer's protocol. cDNA was reverse transcribed, fragmented, labeled using the GeneChip WT Terminal Labeling kit (Affymetrix), and hybridized on the arrays for 18 hours according to the manufacturer's directions. Arrays were stained and washed in the Fluidics Station 400 (Affymetrix) and scanned (Affymetrix 7G). Arrays data were imported into Partek Genomic Suite using RMA normalization after background subtraction. The expression and sequencing data discussed in this manuscript are deposited in NCBI's GEO database and is accessible through the GEO series accession number GSE98078.
Confocal immunofluorescence imaging and analysis. Fluorescence image z-stacks were collected using a 63× plan-apochromat (numerical aperture) oil immersion objective lens on a Zeiss LSM 880 laser scanning confocal microscope (Carl Zeiss Microscopy Inc.). Tiled images were acquired with 5% image overlap, an optical slice thickness of 0.9 um, 0.07 um x-y pixel size, and 0.44 um z-step size. The z-stack image tiles were stitched using the Zen blue (v2.3) software. The stitched images were analyzed using the ImarisCell image analysis software (v. 8.2.1, Bitplane Inc.), with the Hoechst counterstain used to mask the nuclear volume and the phalloidin stain used to mask the cytoplasmic volume. The same image processing and analysis parameters were used for each of the images within a dataset. The mean intensity of the respective fluorescence channels was measured within the nucleus and cytoplasm, and the ratio of cytoplasmic to nuclear mean intensity was calculated for the individual cells. The multichannel fluorescence confocal image z-stacks were analyzed using the ImarisCell volume reconstruction module of the Imaris software. Briefly, within the ImarisCell module, the "cell with single nucleus" criterion was used to segment the nuclear volume compared with the cell cytoplasmic volume. The Hoechst fluorescence channel was used to segment the nucleus, whereas the phalloidin-Alexa Fluor 488 fluorescence channel was used to segment the cell cytoplasm. Segmentation was based primarily on intensity threshold for the respective channels above background. Background was calculated from the nonstained (no Hoechst and no phalloidin) negative control cells. From the 2 segmented compartments within the individual cells, the FOXO1 mean pixel intensity was measured in an automated fashion for both the nucleus and cytoplasm. The same parameters used for segmenting the cellular compartments were applied to all cells in the dataset, regardless of treatment assignment.
Statistics. Analysis of animal survival was assessed using a log-rank test. For all other experiments, data was compared using an unpaired 2-tailed Student's t test corrected for multiple comparisons by a Bonferroni adjustment. In all cases, P < 0.05 was considered significant. Statistics were calculated using the Prism 5 GraphPad software (GraphPad Software Inc.). For microarray data, 1-way ANOVA was used to identify differentially expressed genes among the 4 T cell subtypes, with a significant cut off for the positive FDR < 0.01. Differentially expressed probe sets were selected without specifying a fold change criterion.
Study approval. All human samples from anonymous NIH Blood Bank donors or cancer patients enrolled in clinical trials were approved by the NIH Clinical Center and NCI IRBs. Each patient signed an informed consent form and received a patient information form prior to participation. All mouse experiments were conducted under protocols approved by and in compliance with the NCI Bethesda Animal Care and Use Committee.
